Here we demonstrate that ''concentration polarization'' of ox-LDL enhances LOX-1 expression and ox-LDL uptake. It damages cell surface heparan sulfate proteoglycans (HSPG) and activates LOX-1 dependent autophagy and apoptosis. We also show that ox-LDL concentration polarization occurs on the surface of rabbit thoracic aorta and induces autophagy and apoptosis. In order to investigate the significance of swirling flow on LOX-1 expression, HSPG damage, autophagy and apoptosis in the arterial system, an ex vivo model of swirling flow was developed. We observed that swirling flow decreases relative wall concentration of ox-LDL, inhibits LOX-1 expression, protects HSPG from damage, and decreases both autophagy and apoptosis. Taken together, our data suggest that ox-LDL concentration polarization plays an important role in the localization of atherosclerotic lesions concomitant with LOX-1 dependent autophagy and apoptosis. These observations also suggest a novel mechanism by which swirling flow in the arterial system protects arterial wall from atherogenesis.
A therosclerotic lesions are known to occur in a spatially heterogeneous fashion, developing preferentially at the inner wall of curved segments and outer walls of bifurcations 1 . It has been proposed that shear stress dependent modulation of atherogenesis relies on the formation of a low density lipoprotein (LDL)-rich layer, a result of so called 'concentration polarization', which is adjacent to the luminal surface of the arterial channel 2, 3 . The formation of such a layer is considered possible because there is a two orders of magnitude imbalance between the measured velocity of water filtration (,4 3 10 26 cm/s) 4 and the permeability of LDL across the endothelium (,2 3 10 28 cm/s) 5 . Deng et al 6 predicted this mass transport phenomenon of concentration polarization of LDL and suggested that it plays an important role in the localization of atherosclerotic lesions.
As the major receptor responsible for binding, internalizing and degrading oxidatively modified low density lipoprotein (ox-LDL), lectin-like ox-LDL scavenger receptor-1 (LOX-1) plays a key role in the genesis and development of atherosclerosis 7, 8 . Activation of LOX-1 has been implicated in vascular cell proliferation, alteration in cell cycle signals and apoptosis 9, 10 .
Autophagy is an evolutionary conserved process involved in the degradation of excess or dysfunctional organelles 11, 12 . Under normal conditions in most vascular cells, autophagy is an important house-keeping process and may be considered a cell survival program 11, 12 . Although excessive autophagic activity leads to total collapse of all cellular functions and induction of autophagic death, moderately enhanced autophagy can promotes cell survival [11] [12] [13] . Apoptosis, as a process of programmed cell death, is meant to remove cells exposed to noxious stimuli, such as ox-LDL, and thus plays an important role in many pathological conditions including atherosclerosis 9, 14, 15 . The regulation of autophagy and apoptosis in response to ox-LDL might be of interest in understanding endothelial cell biology in atherosclerotic regions wherein the concentrations of ox-LDL are high 9, 10 .
Endothelial luminal surface, which is constantly exposed to the mechanical forces generated by blood flow, plays important role in the regulation of vascular tone and blood vessel remodeling, binding of lipoproteins and activation of inflammatory responses; all these processes are involved in atherogenesis [16] [17] [18] . Previously, we showed that besides LDL concentration polarization, a similar phenomenon of ox-LDL concentration polarization exists on the luminal surface of smooth muscle cells 19 . However, to the best of our knowledge, there is no report on the effect of ox-LDL concentration polarization on LOX-1 mediated autophagy and apoptosis either in isolated cells or in animal models. Further, there are no data on the relationship between shear stress and LOX-1 expression in response to ox-LDL on the luminal surface of cultured endothelial cells.
We hypothesized that concentration polarization of ox-LDL could activate LOX-1 mediated autophagy and apoptosis, which may be an initial step of atherogenesis. The present study was, therefore, designed to investigate this hypothesis. In addition, we examined the impact of swirling blood flow on wall shear stress and cell surface concentration polarization of ox-LDL.
Results
Water filtration rate (v w ) and wall concentration of DiI-ox-LDL (c w ). In order to verify that concentration polarization of ox-LDL occurs at the surface of HUVECs, water filtration rate (v w ) and wall concentration of DiI-ox-LDL (c w ) were measured. Figure 1B shows the v w across the cell monolayer for the permeable group with DiIox-LDL ranging from 0 to 60 mg/ml. As shown, the average v w was about 23.3 3 10 26 cm/s. For the non-permeable group, the water filtration rate was zero (data not shown). Figure 1C shows wall concentration of DiI-ox-LDL on the surface of HUVECs in the permeable group. The relative wall concentration for the permeable group, c w/ c 0 , was higher than 1.0, indicating that concentration polarization of DiI-ox-LDL occurred on the surface of cells. Due to lack of filtration flow across the HUVECs layer, c w/ c 0 was always 1.0 for the non-permeable group (data not shown).
Ox-LDL concentration polarization, LOX-1 expression and ox-LDL uptake. As shown in Figure 1D , ox-LDL induced a concentration-dependent increase in LOX-1 expression. Due to concentration polarization of ox-LDL on the cell surface, LOX-1 expression was higher (<30%) in the permeable group compared with the non-permeable group at all concentrations. Of note, ox-LDL uptake in HUVECs correlated positively with the concentration of ox-LDL for both groups, but ox-LDL uptake in the permeable group was greater (by <33%) than in the non-permeable group ( Figure 1E ).
Concentration polarization of ox-LDL, heparan sulfate proteoglycans and autophagy. As important components of the cell surface, extracellular matrix and basement membrane, heparan sulfate proteoglycans (HSPG) regulate a wide variety biological activities, including basement membrane permeability; cell migration, adhesion and proliferation; receptor interaction; and lipoprotein binding and uptake 20 . We hypothesized that concentration polarization of ox-LDL may damage and decrease cell surface HSPG leading to an increase in membrane permeability with seepage of ox-LDL into the arterial wall. To verify this hypothesis, HSPG specific antibody was used to stain cell surface HSPG and measure its expression in both non-permeable and permeable groups of cells. As shown in Figure 2A , ox-LDL damaged (and decreased) HSPG in a dose-dependent manner. The decrease in the permeable group was greater (by <36%) than in the nonpermeable group. Combined with the aforementioned results, it can be concluded that HSPG damage induces ox-LDL accumulation within the HUVECs layer, and then enhances LOX-1 expression ( Figure 1D) , and ox-LDL uptake ( Figure 1E ).
Next, we assessed autophagy in response to concentration polarization of ox-LDL by measuring three recognized autophagosome markers, LC3, beclin-1, and Atg5 [14] [15] [16] . As shown in Figure 2B -D, ox-LDL induced LC3-II, beclin-1 and Atg5 expression in a concentration-dependent manner. Further, ox-LDL induced expression of these autophagy makers in the permeable group was greater (by <25-60%) than in the non-permeable group.
Concentration polarization of ox-LDL and apoptosis. Previous studies have shown that ox-LDL induces apoptosis in endothelial cells via LOX-1 activation 12 . Apoptosis is regulated by various proapoptosis proteins, such as Cytochrome c, Caspase-3 and Bax, and anti-apoptosis proteins, such as Bcl-2 and Bcl-xL 21 . In our study, we observed that ox-LDL in a concentration-dependent manner inhibited the expression of Bcl-2 and Bcl-xL ( Figure 3A and B) and induced the expression of Bax and Caspases in both two groups ( Figure 3C and D) . Further, ox-LDL inhibited Bcl-2 and Bcl-xL more (by <20-35%) in the permeable group than in the non-permeable group. Ox-LDL increased Bax and Caspases, again more (by <20-25%) in the permeable group than in the nonpermeable group ( Figure 3A-D) .
Next, we studied the development of autophagy and apoptosis in relation to the concentration of ox-LDL in parallel experiments in the 2 groups. We observed that the number of cells expressing apoptosis increased sharply in response to 10 to 60 mg/ml of ox-LDL, and reached a plateau upon exposure to .60 mg/ml concentration of ox-LDL ( Figure 3E ). On the other hand, the number of endothelial cells showing autophagy increased in response to 20 to 60 mg/ml of ox-LDL, and then declined rapidly as the concentration of ox-LDL was increased further. It is of note that apoptosis and autophagy were always greater in the permeable group compared with the non-permeable group.
Apoptosis and autophagy in rabbit thoracic aorta. To investigate whether concentration polarization of ox-LDL occurs at the endothelial surface, the straight segment of rabbit thoracic aorta was perfused as described in Figure 1A . First, water filtration rate (v w ) and relative wall concentration of ox-LDL (c wa /c 0 ) were measured as described previously 6 . C 0 is the bulk concentration of ox-LDL in the perfusion solution. As shown in Figure 4A and 4B, the average v w and c wa /c 0 were 12.9 3 10 26 cm/s and 1.19, respectively, indicating that concentration polarization occurred on the luminal surface of aorta.
Subsequently, expression of HSPG, LOX-1, autophagy-and apoptosis-related proteins were measured. As shown in Figure 4C Swirling flow and ox-LDL concentration polarization. Since flow patterns impact the development of atherosclerosis, and concentration polarization of ox-LDL can aggravate LOX-1 expression within arteries and initiate autophagy and apoptosis, we used a model of swirling flow to investigate the effect of swirling flow on LOX-1 mediated autophagy and apoptosis ( Figure 5A ).
Helicity. In order to better characterize the swirling flow model, helicity calculated by the following equation was used to assess swirling flow 22 .
The area-weighted average helicity of the flow at different crosssections along the vessel is shown in Figure 5B . The helicity of the swirling flow created by the flow guider was highest at the origin of the test vessel, decreased along the vessel and dropped drastically after 10 mm.
General flow patterns. Next, flow patterns (velocity vectors at 5 sections along the vessels) were measured for the swirling flow and normal flow groups. As shown in Figure 5C , there was swirling flow pattern in the swirling flow group, but not in the control (normal flow) group. Compared with the normal flow, swirling flow was associated with altered velocity profiles in the aortic segment and the maximum velocity profile shifted away from the center of the aortic segment. This simulation also revealed that the flow created by Concentration polarization of ox-LDL and LOX-1 related upstream signals. An increasing body of evidence indicates that ROS are key signaling molecules in LOX-1-mediated signaling pathways, and NADPH oxidase (such as p22 phox and p47 phox subunits) activation is a major source of ROS in endothelial cells 10 . Therefore, we investigated the relationship between concentration polarization of ox-LDL and intracellular ROS generation as well as NADPH oxidase expression. Results from flow cytometry and western blot showed that ox-LDL induced a marked increase in ROS generation ( Figure 6A) as well as the expression of NADPH oxidase subtypes p22 phox ( Figure 6B ) and p47 phox ( Figure 6C ), all more (by <30-40%) in the permeable group than in the nonpermeable group.
Ox-LDL binding to LOX-1 activates mitogen activated protein kinases (MAPKs) and nuclear factor-kappaB (NF-kB), which in turn induces further LOX-1 expression and enhances its activity 10 . In the present study, we found that, ox-LDL induced a marked concentration-dependent increase in phosphorylated p38 MAPK ( Figure 6D ) and phosphorylated NF-kB ( Figure 6E) , both more (by <30-45%) in the permeable group than in the non-permeable group.
Discussion
It has been suggested that atherosclerotic lesions develop preferentially at curved and bifurcations segments 1 , and flow-induced shear stress is one of the most important hemodynamic factors in the localization of atherogenesis 23 . To explain the phenomenon of localization of atherogenesis, Deng et al 6 first predicted and then demonstrated a mass transport phenomenon of 'concentration polarization' of atherogenic LDLs with the highest LDL concentration in LOX-1 mediated ox-LDL endocytosis is considered to play an essential role in the pathogenesis of atherosclerosis [7] [8] [9] [10] . However, there is paucity of information on the regulation of LOX-1 expression and concentration polarization of ox-LDL. In this study, we investigated the relationship between concentration polarization of ox-LDL and LOX-1 expression and development of autophagy and apoptosis. We also examined the relationship of concentration polarization of ox-LDL and HSPG.
Our first observation was that concentration polarization of ox-LDL enhanced LOX-1 expression, leading to ox-LDL uptake. Cell surface HSPG is known to regulate endothelial cell adhesion, migration and receptor interaction 20 . We showed that the concentration polarization of ox-LDL reduced HSPG and altered cell morphology in the HUVECs monolayer, more in the permeable group than in the non-permeable group. It is reasonable to assume that damage to HSPG and its decrease would result a prolonged interaction between ox-LDL and cell surface receptors resulting in greater LOX-1 expression. Based on the HSPG degradation data in HUVECs monolayer, we found that LOX-1 expression was greater in the permeable group than in the non-permeable group of cells.
Autophagy plays an essential role in cell survival (or death) [11] [12] [13] , while apoptosis represents programmed cell death and is a major occurrence in various stage of atherosclerosis 12, 14, 24 . Although the precise role of autophagy and apoptosis in atherosclerosis is not known, both are often seen concomitantly in cells exposed to ox-LDL as well as in atherosclerotic lesions 9, 10 . We assessed autophagy by measuring three different markers, LC3, beclin-1, and Atg5, all found in endothelial cells and SMCs 11 . We observed that extensive expression of autophagy markers in HUVECs treated with ox-LDL, more in the permeable group than in the non-permeable group. Based on the observations presented here, we believe that autophagy in endothelial cells with concentration polarization of ox-LDL represents a stress adaptation that prevents cell death and serves to eliminate superfluous, damaged cells and organelles that would include apoptotic cells when the stress is modest (equivalent to 10 to 40 mg/ ml concentrations of ox-LDL). At higher concentrations (60 to 100 mg/ml), ox-LDL leads to significantly increase in non-viable cells and high apoptosis rate that is beyond the protective ability of autophagy-mediated survival mechanism. Actually in these high concentrations of ox-LDL, autophagy itself could serve to enhance cell death 7, 14 .
As Bcl-2 family of proteins, Bcl-2 and Bcl-xL are well-known antiapoptotic mediators, while Bax and Bak promote apoptosis. It is thought that a ratio of anti-apoptotic and pro-apoptotic members of the Bcl-2 family determines the apoptotic potential of cells 21 . We observed a pronounced expression of pro-apoptotic Bax and diminished expression of anti-apoptotic Bcl-2 and Bcl-xL in HUVECs in the permeable group. The resultant extensive apoptotic activity was confirmed by analysis of Caspases expression. These observations taken together can be interpreted to imply that ox-LDL concentration polarization damages cell surface HSPG, which provides prolonged interaction between ox-LDL and extensive expression of cell surface receptors leading to intense LOX-1 expression followed by ox-LDL uptake in endothelial cells and activation of cell death (apoptosis) and survival (autophagy) pathways. This chain of events is largely, but not entirely, dependent on the expression of LOX-1, since LOX-1 antibody blocks many of the steps postulated in this pathway.
For water filtration rate (v w ) measurement, v w would depend upon the degree of endothelial cell apoptosis. High degree of apoptosis will cause cell death and cell loss, thus result in increased v w . Though we noted an increase in apoptosis with increasing concentration of ox-LDL (20 to 60 mg/ml), these concentrations only induced moderate apoptosis of endothelial cells without much cell loss. Therefore, the average value of v w remained similar in the permeable group and thoracic aorta.
Experiments with rabbit thoracic aorta showed that concentration polarization of ox-LDL also occurs on the luminal surface, and this is followed by activation of a series signaling pathways akin to those seen in isolated cultured endothelial cells. Although the measurement of c wa instead of c w , may not be very accurate, we believe that the trend of ox-LDL accumulation in the arterial wall would be similar to that observed in vivo.
Hemodynamic parameters, particularly associated with low shear stress, oscillatory flow and turbulent flow, play important roles in the localization of atherosclerotic lesions within arteries 25 . Previous studies have shown that blood flow in the aortic arch exhibits a pattern of swirling flow, which may exert some protective effect against formation of atherosclerotic plaques in the arch 26 . Our study showed that, compared with normal flow, swirling flow protected cell surface HSPG from damage by ox-LDL; Aortic segments with swirling flow also exhibited limited LOX-1 expression, as well as autophagy and apoptosis. It is probable that swirling blood flow washes off atherogenic molecules in the blood so that noxious molecules (such as, ox-LDL) cannot accumulate in the wall of the arteries. This may be the basis for relatively infrequent formation of atherosclerotic lesions in the arch and the ascending aorta.
Besides LOX-1 related downstream activities, such as induction of apoptosis and autophagy, we confirmed previously defined upstream signals that lead to LOX-1 expression; these include ROS generation, expression of NADPH oxidases (p22 phox and p47 phox subunits), and activation of p38 MAPK and NF-kB. Hence, it can be concluded that concentration polarization of ox-LDL activates these upstream signals as well. This information explains as to why atherosclerosis occurs preferentially in curved areas and in bifurcations which are prone to accumulate large concentrations of atherogenic lipids 1, 6 .
In conclusion, the present study provides new insight into our understanding of the role that concentration polarization of ox-LDL exerts on HSPG degradation and regulation of autophagy and apoptosis. Clearly, these effects are largely, if not completely mediated by LOX-1 expression. Further, this study provides evidence for the concept that swirling flow in the arterial system has a beneficial effect on the transport of ox-LDL onto the luminal surface of the artery, thereby reducing concentration polarization of ox-LDL and suppressing LOX-1 expression, autophagy and apoptosis.
Methods
HUVECs monolayer culture experiments. Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cords with vascular cell basal medium supplemented with HUVECs Growth Kit (ATCC, Manassas, VA). HUVECs at a density of 1 3 10 6 cells/cm 2 were seeded on: i) Non-permeable group: a glass slide which was non-permeable to plasma; ii) Permeable group: a Millicell-CM membrane (PICM 03050; Millipore Corp., Bedford, MA)
which was permeable to plasma with pores of 0.4 mm in diameter. The state of attachment of cells onto the membrane and confluence of cells on the membranes were monitored by a phase contrast microscope from time to time.
Perfusion system setup. Experimental perfusion system as described previously by Ding et al 19 was used ( Figure 1A) . It consisted of a head tank, a downstream collecting reservoir, a modified parallel-plate flow chamber with a height of 0.5 3 10 23 m, a peristaltic flow pump to circulate the perfusion fluid (cell culture medium) and a humidified atmosphere with 5% CO 2 . A pressure transducer and a flow meter were used to monitor the perfusion pressure and the flow rate through the flow chamber, respectively. During the experiment, the flow chamber was kept at a constant temperature of 37uC. Wall shear stress was calculated using the formula: t 5 6mQ/wh 2 , where m is the viscosity of the medium and Q is the flow rate, h and w are the width and height of the parallel-plate flow chamber.
During the measurements, steady wall shear stress and perfusion pressure in the flow chamber were kept at 1.3 Pa and 100 mmHg, respectively, while the ox-LDL concentration in the perfusate was varied between 0 to 60 mg/ml. The flow was maintained for 24 h except for Dil-ox-LDL uptake when the flow was for 2 h.
Measurement of filtration rate and DiI-ox-LDL wall concentration of HUVECs.
For each experiment, the filtration rate across the wall of cell monolayer on the Millicell-CM membrane was measured as described previously 6 with the help of the calibrated pipette with inner diameter of 1 mm supported on the dish ( Figure 1A) . The concentration of DiI-ox-LDL (Yiyuan Biotech, GZ, China) on the luminal surface of HUVECs layer was assessed by measuring the fluorescence intensity of DiI-ox-LDL with a Confocal Laser Scanning Microscopy (SPII, Leica, Heidelberg, Germany).
Dil-ox-LDL uptake. Cultured endothelial cells were perfused with Dil-ox-LDL 5 mg/ ml for 2 h at 37uC. Then, the cells were gently washed with PBS three times and digested with Trypsin-EDTA. Dil-ox-LDL uptake was measured using flow cytometry (Becton Dickinson, Franklin Lakes, NJ).
Western blot. Primary and secondary antibodies were purchased from Abcam (San Francisco, CA), Santa Cruz Biotechnology (Santa Cruz, CA) and Novus Biologicals (Littleton, CO). All gels were run and transferred to membrane under same experimental conditions. Details of western blotting have been published earlier 9 . Experiments with rabbit thoracic aorta. Male New Zealand white rabbits weighing approximately 3.5 kg were obtained from the Laboratory Animal Center, Peking University (Beijing, China). The experiments followed a protocol approved by the institutional committee on animal use, and all animal care complied with the 'Principles of Laboratory Animal Care' and the 'Guide for the Care and Use of Laboratory Animals' (NIH Publication No. 86-23, revised 1985) . Rabbits were anesthetized intravenously through the right marginal ear vein with a mixture of xylazine (2.2 mg/kg) and ketamine (22 mg/kg). Under anesthesia, straight segment of the rabbit thoracic aorta was removed. The arterial segment was bathed in Krebs solution to prevent it from drying.
Measurement of filtration rate and DiI-ox-LDL wall concentration of rabbit thoracic aortas. For all experiments with rabbit thoracic aorta, perfusion pressure and flow rate were kept at 90 mmHg and 40 ml/min, respectively; both represent physiologic values in the rabbit thoracic aorta. The filtration rate across the wall of thoracic aorta was measured as described by Deng et al 6 .
Due to the difficulty in measuring the wall (luminal surface) concentration of DiIox-LDL (c w ) in the thoracic aortic segment, instead of c w , we measured DiI-ox-LDL surface absorption concentration (c wa ) assuming that c wa approximates with c w . After perfusion, thoracic aortic segment was flushed with phosphate-buffered saline (PBS) buffer to wash off the dissociative DiI-ox-LDL, and fixed with a modified Karnovsky's fixative (2.5% glutaraldehyde and 2% paraformaldehyde in 0.15 M sodium cacodylate buffer, pH 7.4) at 90 mmHg for 6 h in the dark. Then c wa was assessed by Confocal Laser Scanning Microscopy (SPII, Leica, Heidelberg, Germany). Autophagy detection in endothelial cells and rabbit thoracic aortas. Autophagy was detected by Western blot, Premo TM Autophagy Sensors (L3B-GFP) *BacMam 2.0* (Invitrogen, Grand Island, NY) by fluorescence microscopy and flow cytometry according to supplied protocols.
Analysis of apoptosis in
Characterization of flow in the rat thoracic aorta. To study the effect of swirling flow on ox-LDL concentration polarization in the wall of the thoracic aorta, flow generated in the test vessel with the spiral flow guider was characterized numerically and compared with the number in the normal flow model. The model for the spiral flow study was a rigid vessel combined with the spiral flow guider, whereas model for the normal flow study was a rigid vessel without the flow guider. The length and the inner diameter of both vessels were 20 mm and 3 mm, respectively. The perfusion solution in the present study was cell culture medium, which was assumed to be homogeneous, incompressible and Newtonian fluid. Its viscosity and density were 1.3 3 10 23 and 1047 kg/m 3 , respectively. For flow simulation, the Reynolds number was set at 650. The boundary conditions were set as follows: (1) because flow disturbance occurs at the inlet of the models due to the connection, a uniform velocity profile was assumed at the inlet based on the flow rate of 40 mL/min used in the experiment; (2) the outlet condition was set to be outflow, which applied a zero diffusion flux condition like a fully developed flow; and, (3) the wall of the vessels was assumed to be rigid and non-slippery.
The numerical simulation was based on the three dimensional incompressible Navier-Stokes equations as follows: r(ũ : +)ũz+p{mDũ~0 ð1Þ
whereũ is the fluid velocity vector, r and m are the density and viscosity of the perfusion solution, and p is the pressure. Finite volume method was used in the simulation. The computational meshes of the models created using the CAD software Gambit 2.2 (ANSYS, Inc., Canonsburg, PA) were all unstructured hexahedron grid. The commercially available computational fluid dynamics (CFD) code, FLUENT 6.2 (ANSYS, Inc.) was employed in the numerical simulation. Discretization of the pressure and momentum at each control volume was in a second-order scheme. The iterative process of computation was terminated when the residual of mass and velocity were all less than the convergence criterion, 1.0 3 10 25 .
Statistical analysis. Statistical analysis was performed with SPSS 11.5 software. Data are presented as means and standard deviation (SD) from 5-7 independent experiments. Univariate comparisons of means were evaluated using the Student t test, P , 0.05 was considered statistically significant.
